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Abstract— Aryl hydrocarbon (benzo[a]pyrene) hydroxylase induction in one mouse hepatoma and two
rat hepatoma cell lines was characterized with respect to optimal growth requirements and optimal
inducing concentrations of polycyclic hydrocarbons. phenobarbital. biogenic amines, and numerous
other hydrophobic compounds. Cordycepin, ethidium bromide and puromycin aminonucleoside treat-
ment of the mouse tumor line Hepa-1 produce strikingly different eflects on the kinetics of hydroxylase
induction, when the inducers benz[aJanthracene. phenobarbital and iso-proterenol are compared. With-
out any of these ‘usual inducers’ present in the mouse hepatoma cell line, 0:50 to 50 mM puromycin
aminonucleoside or 40 nM actinomycin-D causes large increases in the hydroxylase activity (at a
time when gross RNA synthesis is virtually 100 per cent inhibited and gross protein synthesis is
more than 50 per cent inhibited). This aminonucleoside- or actinomycin-D-mediated induction process
induction, when the inducers benz[aJanthracene. phenobarbital and isoproterenol are compared. With-
without prior treatment with the usual inducers and hence presumably without prior accumulation
of putative induction-specific RNA: moreover. this induction process apparently requires little, or no.
simultaneous RNA synthesis during exposure to the aminonucleoside or actinomycin-D. In contrast,
when primary cultures derived from normal rat liver are treated with similar high concentrations
of the aminonucleoside, no induction of the hydroxylase activity occurs. This result suggests that
the effect of puromycin aminonucleoside on hydroxylase-specific mRNA synthesis. processing or stabih-
zation is very different between the hepatoma cell line and normal fetal rat primary hepatocytes in

culture.

Recent reports from this laboratory [1-4] show that
aryl hydrocarbon (benzo[a]pyrene) hydroxylase ac-
tivityt$ accumulates (or is “induced’) in cultured fetal
rat liver cells treated with polycyclic hydrocarbons
such as 3-methylcholanthrene and benz[a]anthracene,
the insecticide 2.2-bis(p-chlorophenyl)-1.1,1-trichloro-
ethane (p,p’-DDT), phenobarbital or biogenic amines
such as tryptamine, isoproterenol, norepinephrine and
histamine. 3-Methylcholanthrene, phenobarbital and
biogenic amines all cause increases in hydroxylase
activity that are additive or synergistic when two or
three of these types of inducers are combined in the
culture medium [1,2,4], indicating different modes
of action for these different classes of inducers of
mono-oxygenase activities [ 5, 6]. The action of poly-
cyclic hydrocarbons, phenobarbital and biogenic

* Previous papers in this series have appeared [1-4.7 9].

1 With benzo[a]pyrenc as the substrate in vitro. “aryl
hydrocarbon hydroxylase activity' is equated with the rate
of formation of 3-hydroxybenzo[a]pyrenc and probably
other phenols having similar wavelengths of fluorescent
activation and emission. These phenols may be formed
either by a direct hydroxylation or in a two-step process
via an arene oxide.

+The abbreviations used are: the hydroxylase. arvl
hydrocarbon (benzo[a]pyrene) hydroxylase: metyrapone,
2-methyl-1,2.3.3-pyridyl-1-propanone: and  cordycepin.
¥-deoxyadenosine.

805

amines on hydroxylase induction appears to involve
transcription [3]. since each of the induction pro-
cesses is inhibited when actinomycin-D is added
simultaneously with the inducer initially [3.4]. There
also appears to be a post-translational effect. because
each of these threc types of inducers can slow the
regular rate of decay of induced hydroxylasc activity
[3.4]. Further. if the enzyme activity is first maxi-
mally induced by any one of these three types of
inducers and then RNA synthesis is blocked by
actinomycin-D, a different inducer subscquently
added can direct. presumably at the post-transcrip-
tional level, a further rise in the hydroxylase activity
[4]. The advantages of established cell lines (from rat
or mouse hepatomas or from adult rat liver) in study-
ing hydroxylase induction [7] and cytochrome P,-450
formation [8] have been recently demonstrated:
furthermore, the extremely low basal hydroxylase
activity of the H-4-11-E cell line and the sensitive rise
in inducible enzyme activity in response to inducers
suggest the potential usefulness of this tumor cell line
in assaying minute amounts of various foreign com-
pounds [9] which are inducers.

The compounds cordycepin [10]. cthidium bro-
mide [I1], puromycin aminonucleoside [12] and
actinomycin-D [13] arc known to inhibit RNA syn-
thesis by various rather specific mechanisms, as
demonstrated in the references cited. In this report.
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we lirst deseribe the optimal conditions for studying
the hydroxylase induction in three hepatoma-derived
cell lines. Second. with the use of these various inhibi-
tors commonly used n tissue culture studies. we show
differences between these “classes” of mono-oxygenase
inducers (i.e. polyeyelic hydrocarbons. phenobarbital
and biogenic amines) in an attempt to clucidate
further the subcellular mechanisms invohed in the
cnzyme induction process.

EXPERIMENTAL PROCEDURE
Muaterials

The tissue culture materials [2- 4. 7] and all of the
chemicals [4.14] used in this study were obtained
from the sources cited. The compounds cordycepin.
cycloheximide and ethidium bromide were purchased
from Sigma Chemical Co. (St. Louis. Mo.): puromy-
cin aminonucleoside from Nutritional Biochemical
Corp. (Cleveland, Ohio): and actinomycin-D  from
CalBiochem Co. (Los Angeles. Calif.). Nominally
labeled 1-[3-*H]phenylalanine (12-69 Ci m-mole) and
uniformly labeled ['*CJuridine (400 mCim-molc)
were purchased from New England Nuclear (Boston.
Mass.). Hepa-1. a mouse cell line derived from the
transplantable BW 7756 hepatoma originally pro-
duced in the CSTL-J mouse [15]. was kindly provided
in 1971 by Dr. Gretchen Darlington. Department of
Biology. Yale University (New Haven, Conn.). H-4-
II-E. a rat cell line derived [16] from Reuber hepa-
toma H-35 wus gencrously given to us by Dr. L.
Brad Thompson, National Cancer Institute (Bethesda,
Md.). MH, C,. a clone of epithelial cells from the
transplantable Morris hepatoma 7795 originally pro-
duced in the Buffalo strain of rat [17], was purchased
from the American Type Culture Collection Celi
Repository (Rockville, Md.). Taconic Farms, Inc.
(Germantown. N. Y.} provided us with pregnant
Sprague -Dawley rats.

Methods

Preparation of compounds in growth medium and
handling of the cell lines. For those chemicals that
did not dissolve readily in the culture medium. the
compounds were initially dissolved in a minimal
amount of acetone, ¢thanol or dimethylsulfoxide and
then added to the growth medium. These organic
solvents at concentrations of 05, or less in the
medium were shown not to have any effect on the
parameters  under investigation. Because  of the
propensity for 3-methylcholanthrene and benz{a]-
anthracene to bind to glass or plastic. the actual con-
centration of these polyeyclic hydrocarbons dissolved
in the medium was always determined by spectro-
photofluorometry. The possible toxic effects of the
various compounds at every concentration tested
were evaluated daily with the use of light microscopy.
protein  determinations  when the cultures  were
harvested. and frequent 30-min checks on gross RNA
and protein synthesis. Addition of the inducing com-
pounds was always carricd out about 48 hr after the
plating of the hepatoma cell lines or the primary rat
liver cultures [2 4.7 9]. For any cxposure lasting
more than 24 hr. the medium was replaced with fresh
medium containing the compound(s) every 24 hr. In

the table and i all the figures o value for specific
hydroxyvlase activity represents the average of dupli-
cate determinations of enzyme activity and protein
coneentration on cach ol two 60-mm tssue culture
dishes. Each experiment was performed two fo five
times. in order to ensure reproducibility,

Enzvme assay. Both the hydroxviase activity and
protein concentration were determined in duplicate
for the homogenate from cells seraped from one celt
culture dish 60 mm in diameter | 2.4} The [-00-mli
reaction mixture includes S0 pgmoles potassium phos-
phate bufter. pH 7-3.0-360 pmole NADH, 600 g albu-
min. 3 gmoles MgCls, 200 600 ug protein of cellular
homogenate 1o be assaved. and 8O nmoles benzo| a -
pyrene and s incubated for 30 mim [ 18] One unn
of aryl hvdrocarbon hydroxvlase activity s defined
[1]) as that amount of enzyme catalyzing min at 37
the formation of hvdroxvlated product causing uor-
escence equivalent to thut of T pmole 3-hydroxybhenzo-
[a]pyrene recrystallized standard. The specific activity
is abways expressed in units mg of protein ol the total
cellular homogenate.

Gross RN A and protein synthesis. The incorpor-
ation of | Cluridine and [*H]phenylalanine into
perchloric acid-precipitable material was used as an
estimation of total cellukr RNA and protein syn-
theses respectively. To the cells of one 60-mm- tissue
culture dish was added -5 1Choof cach Tabeled com-
pound for a 30-min pulse. as deseribed previously in
detail [4]. After a 30-min exposure, the cellular mac-
romolecules were preapitated with 2 mi of cold (+3
M perchloric acid. The precipitate was centrifuged at
2000 ¢ for S min and washed mwice with 3 ml of
cold 0025 M perchloric acd. The precipitate was
then dissolved in 1 ml Nuclear Chicago Solubthzer.
Ten mi Liguifluor tAmersham: Searley was added. and
the radioactivity of both ™ and 1 in culiures
exposed 1o the radioisotopes for zcro time was sub-
tracted from that of cach experimental sample. The
specific radioactivity for three identical tissue eulture
dishes harvested at the same time point varied less
than 15 per cent. The gross RNA and protein syn-
thesis of any experimental cultures were compared
with those in control cultures receving no metabolic
inhibitors and. therefore. are expressed  throughout
this report as “per cent of the control!

RESULTS

Optimal conditions for hydroxylase induction. Table
1 summarizes the basal and mducible hydroxylase
activities in the three established cell hines. when
exposed to the inducers 3-methylcholanthrene, pheno-
barbital or tryptamine under various culture condi-
tions. We include these data in this report principally
as information to others who might wish 10 studs
various aspects of drug metabolism 1 hepatoma cell
cultures. A considerable amount of induction i the
absence of any serum was found: similar results had
been reported [27 in fetal rat primary liver cultures.
From this preliminary survey. the following tyvpes of
medium and the percents and types of serum were
chosen for the remainder of the studies in this report:
MAB medium [71 with 107, fetal call serum for
Hepa-1 and Eagle's medium with 107 cuch of calf
and fetal call sera for H-d-11-F. Because the M (7
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Fig. 1. Inducible hydroxylase activity as a function of

inducer concentration in the growth medium. Hepa-1 or

H-4-11-E cultures were treated with the inducing com-

pounds 3-methylcholanthrene (MC), benz[a]anthracene

(BA), phenobarbital (PB), tryptamine (TR) or isoproterenol

(1SO) for 48 hr. Cytotoxicity was evident at 1-5 mM trypta-
mine and 'S mM isoproterenol.

cultures grew most slowly (generation time of 35-45
hr) of the three lines investigated. we chose not to
use MH, C, further in this study. H-4-1I-E cultures
have a doubling time between 18 and 24 hr; the
Hepa-1 line has a generation time between 24 and
32 hr.

Optimal inducer concentration. Figure 1 shows the
optimal inducing concentrations of the compounds
most commonly used in this study. The results for
MH, C, cultures (data not shown) were quite similar
to those for Hepa-1 and H-4-11-E cell lines.

Figure 2 shows that the combination of pheno-
barbital plus 3-methylcholanthrene in the medium
500 200 *}
A= 48 Hrs. B = 24 Hrs
0= 72 Hrs F'} )= 48 Hrs. &
Hepa-I r  H-4-T-E
%
.
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Fig. 2. Additive effects of phenobarbital {PB) and 3-methyl-
cholanthrene (MC) in the culture medium on inducible
hydroxylase activity. The Hepa-1 cells were assayed for
enzyme activity after 48 and 72 hr of treatment with con-
trol medium (CM), 220 mM phenobarbital, 2-0 um 3-meth-
ylcholanthrene or 2:0 mM phenobarbital plus 20 M
3-methylcholanthrene. The H-4-1I-E cultures were assayed
for cnzyme activity after 24 and 48 hr of treatment with
control medium, 20 mM phenobarbital, 40 yM 3-methyl-
cholanthrene or 20 mM phenobarbital plus 40 M
3-methylcholanthrene.

induces the hydroxylase activity to levels which are
approximately the sum of those induced by cither
phenobarbital or 3-methylcholanthrene alone. The
kinetics of hydroxylase induction hase been illus-
trated previously [7]: the maximal level of mduced
enzyme activity s usually attained in 3 days for
Hepa-1 cultures and in 2 days for H-4-11-E cclls. This
fact is the reason for choosing (see Fig. 2) the time
points 48 and 72 hr for Hepa-1 and 24 und 48 hr
for H-4-11-E cultures. This "additive” effect for pheno-
barbital plus 3-methylcholanthrene had been found
before in the intact animal [S] and in fetal rat
primary hepatocyte cultures [ 1. 2] and indicates some
fundamental difference in the mechanism of action
by which these two “classes’ of mono-oxygenase
inducers [5.6] exert their effect on the mduction
process.

Induction of hydroxyluse activity by muomerous hvdro-
phobic compounds. Figure 3 shows five other “inducers’
of the hydroxylase activity in Hepa-1 and H-4-1i-I:
cell lines. Subtle differences between the two cell lines
in fold induction and in the maximal enzyme activity
reached are illustrated. The two most significant
differences shown are: (1) a much greater response
of the induction process to metyrapone m H-4-11-I*
cells than in Hepa-1 cells, and (2) a basal hydroxylase
activity 20-30 times higher in Hepa-1 cultures than
in H-4-1I-E (also scen in Table 1 and Figs. 1 and
2). Because we wished to study changes m the basal,
as well as the induced, hydroxylase activity and
because phenobarbital-induced hydroxylase activity
was considerably higher in Hepa-1. the Hepa-1 rather
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Fig. 3. Induction of hydroxylase activity in Hepa-1 and
H-4-11-E cultures by S00 ¢M metyrapone (MTP). 100 M
1-(2-1sopropylphenylimidazole (IP1. 1-0 mM 2-(4-chioro-
phenylbenzothiazole (CPBT), 50 uM fi-naphthoflavone
(BNF) and 100 M 2.5-diphenyloxazole (PPO). Control
cells remained in control medium (CM) only. The values
shown are taken from cells exposed to optimal inducing
concentrations for each compound for 48 hr, at which time
the enzyme activity was maximal or nearly maximal. Cyto-
toxicity, as determined by the parameters set forth in
‘Experimental Procedure.” was not observed at these opti-
mal inducing concentrations for any of these compounds.
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Fig. 4. Effect of cordycepin on hydroxylase induction in
Hepa-1 cultures by 13 ¢M benz[aJanthracene (BA, @), 20
mM phenobarbital (PB. l) or [0 mM isoproterenol {ISO.
A) and on gross RNA and protein synthesis. Concen-
trations of 10 and 100 xM cordycepin in the presence of
each inducer arc shown with open symbols. Cordycepin
alone had no eflect on the control enzyme activity. In this
and in subscquent figures, none of the inducers. benz-
[aJanthracene, phenobarbital or isoproterenol, affected the
changes in gross RNA synthesis (i.c. ['*Cluridine incor-
poration into trichloroacetic acid-precipitable material)
and gross protein synthesis (i.e. [?H]phenylalanine incor-
poration into trichloroacetic acid-precipitable material)
produced by the metabolic inhibitor under study.

than the H-4-11-E cell line was used for the remainder
of the studies in this report.

Cordycepin effects. Cordycepin, an analog of adeno-
sine, suppresses the labeling of cytoplasmic mRNA
and nuclear HnRNA by blocking the synthesis of the
poly(A) segment of mRNA [19-22]. Cordycepin also
[17. 18] may function in part by inhibiting mRNA
transport from the nucleus [23, 24]. Such short-term
studies (e.g. 6 hr) exclude the possibility that cordyce-
pin affects the ratc of mRNA translation and ascribe
the inhibition of protein synthesis to inhibition of
mRNA-poly(A) synthesis and, hence, availability of
mRNA 1o the polysomes. Prolonged cordycepin treat-
ment (c.g. greater than 12 hr) may affect rRNA syn-
thesis and degradation [25]. However, it has been
previously shown [3,26] that rRNA synthesis is
probably not critical to aryl hydrocarbon hydroxylase
induction over a 24-hr period.

Figure 4 shows that the rise in hydroxylase activity
in phenobarbital-treated cultures is relatively resistant
to 100 M cordycepin, compared with benz[a]anthra-
cenc- and 1soprotercnol-treated cultures. Hence, after
a 24-hr treatment of the cells with phenobarbital plus
100 (M cordycepin, aryl hydrocarbon hydroxylase
induction was about 60 per cent of that by phenobar-
bital alone. Hydroxylase induction by benz[alanthra-
cene combined with 100 ¢M cordycepin was about
20 per cent of that by benz[a]anthracene alone, and
induction by isoproterenol was totally blocked by this
concentration of cordycepin. During this time gross
RNA synthesis was 50 per cent inhibited for 6 hr
and fully recovered by 24 hr, and gross protein syn-
thesis was S0 per cent inhibited for the 24-hr period.
One interpretation of these data is that the induction
process by benz[alanthracene or isoproterenol in
Hepa-1 cells 1s more sensitive to inhibition of poly(A)
synthesis than is induction by phenobarbital.

It is of interest that 10 xM cordycepin caused gross
RNA synthesis to be impaired for the first 6-12 hr,
after which a significant stimulation occurred, and
that 10 uM cordycepin caused gross protein synthesis
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to be increased significantly above normal. This
stimulatory effect was not found with 100 uM cor-
dycepin. This phenomenon might be explained on
the basis of labile inhibitors of transcription and
translation. At low concentrations of cordycepin, the
synthests of a labile mRNA responsible for such labile
protein inhibitors might be preferentially blocked,
compared with the relative degree of inhibition of
other cellular mRNA’s; at high concentrations of cor-
dycepin. this preferential inhibition is not seen
because synthesis of the majority of cellular mRNA's
is now impaired.

It is of further interest in Fig. 4 that cordycepin,
although known to affect mRNA synthesis quite
specifically, causes significant changes in gross protein
synthesis as well. These important alterations in both
gross RNA and protein synthesis were illustrated pre-
viously in actinomycin-D- and cycloheximide-treated
fetal rat liver cultures [3]. We. therefore. emphasize
the necessity to monitor frequently gross RNA and
protein synthesis any time a test compound is added to
cells in culture. We realize that the monitoring of gross
RNA and protein syntheses may not be accurate, if
large changes occur in the respective precursor pools.
Further studies with this consideration in mind are
planned for actinomycin-D. cordycepin, ethidium
bromide and puromycin aminonucleoside in Hepa-1
cultures.

Ethidium bromide ¢ffects. Ethidium bromide is an
effective inhibitor of total nucleic acid synthesis in
a variety of organisms [11, 27, 287. At concentrations
as low as 06 uM, however, ethidium bromide very
selectively inhibits synthesis of the 125 and 21S RNA
species in mitochondria of cultured HeLa cells,
whereas no mhibition of the incorporation of labeled
precursors into nuclear RNA is detectable [29]. Ethi-
dium bromide also inhibits poly(A) synthesis [30].
Large and distinctive differences in the kinetics of
hydroxylase induction occurred in ethidium bromide-
treated cells (Fig. 5). when the inducers benz[a]-
anthracene. phenobarbital and isoproterenol were
compared. Hydroxylase induction by benz[a]anthra-
cene was inhibited by 1. 2 and 6 uM ethidium
bromide only after 6 or 12 hr: the induction process
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Fig. 5. Effect of ethidium bromide on hydroxylase induc-
tion and on gross RNA and protein synthesis in Hepa-1
cultures. Inducing concentrations and the abbreviations for
benz[a]anthracene (@), phenobarbital (M) and isoproter-
enol (&) are the same as those in Fig. 4. Concentrations
of 1-0, 20 and 6-:0 uM ethidium bromide in the presence
of each inducer are shown with open symbols. Ethidium
bromide alone had no effect on the control enzyme ac-
tivity. Gross RNA synthesis (i.c. ['*Cluridine incorpor-
ation) and gross protein synthesis (i.e. [*H]phenylalamine
incorporation) are shown at right.
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by phenobarbital was totally blocked by 1 uM cthi-
dium bromide. as well as at the higher concentrations
(not shown): the enzyme induction by isoproterenol
wuas relatively insensitive (o the inhibitor. about 60
per cent being blocked in 24 hr by 6 pM cthidium
bromide. These data arc included in this report
because they were reproducibly abserved. but we have
no simple explanations for such widely diverse re-
sponses to cthidium bromide in the presence of these
three “types” of mono-oxygenase inducers.

Also in Fig. 5.1 or 2 uM ethidium bromide has
very small (10- 20 per cent) effects on gross RNA syn-
thesis over the 24-hr period. Yet gross protein syn-
thesis s blocked about 50 and 70 per cent. respect-
ively, by the end of the 24-hr experiment.

Puromyein  aminonucleoside  effects. Puromycein
aminonucleoside preferentially inhibits TRNA  syn-
thesis [12,31-33] and cytoplasmic mRNA appear-
ance [22], presumably acting as 4 competitive analog
of adenosine and adenme. and has no direct effect
on gross protein synthests [34035]0 Figure 6 shows
that hydroxylase induction by phenobarbital 1s sig-
nificantly blocked by concentrations of puromycein
aminonucleoside between | and 100 pM. The induc-
tion process by benz[alanthracene and isoproterenol.
on the other hand. is essentially unaffected by 10 and
100 M concentrations of puromycin aminonucleo-
side respectively. A transient effect on both gross
RNA and protein syntheses was found with 1 M
puromycin  aminonucleoside: 100 M puromycin
aminonucleoside persistently inhibited gross RNA
synthesis by at least 50 per cent for the 24-hr experi-
ment, whercas little effect on gross protein synthesis
wis seen.

At levels of puromycin aminonucleoside greater
than 100 M. we observed paradoxically less inhibi-
tion of hydroxylase induction by benz{aJanthracenc,
phenobarbital  or isoproterenol.  This could be
explained {Fig. 7) by our discovery that puromycin
aminonucleoside itself is an inducer at concentrations
between 0-5 and 50 mM. In fact. the hydroxylase ac-
tivity in Hepa-1 cells treated with 50 mM puromycin
aminonucleoside was induced in 24 hr to about the
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Fig. 6. Effect of puromyein aminonucleoside on hydroxy-
lase induction and on gross RNA and protein synthesis
in Hepa-1 cultures. Inducing concentrations and the abbre-
viations for benz[aJanthracene (@), phenobarbital (M) and
isoproterenol (A) are the same as those in Fig. 4. Concen-
trations of 1:0, 10 and 100 #M puromycin aminonucleoside
in the presence of cach inducer are shown with open sym-
bols. Puromycin aminonucleoside alone at these concen-
trations had no effect on the control enzyme activity. Gross
RNA synthesis (i.e. ['*CJuridine incorporation) and gross
protein synthesis (ic. [*H]phenylalamine synthesis) are
shown at right.
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Fig. 7. Induction of hydroxylase activity in Hepa-1 cultures
by high concentrations of puromycin  aminonucleoside
(AN} in the presence or absence of 13 M bens{a]anthra-
cene (BA). The effects of 40 nM actinomycin-D (ADy and
350 nM cycloheximide {CY) alone or in combination with
puromycin aminonucleoside, wre shown in the third and
fourth frames. The effects of -5 and 50 mM puromycin
aminonucleoside on gross RNA svnthesis (i.e. [ juridine
incorporation) and gross protein synthesis (e, [ *Hphenvi-
alamine incorporation) are shown at right.

same level as that induced by benz[alanthracene, in
spite of the fact that gross RNA synthesis was totally
blocked and gross protein synthesis was more than
80 per cent inhibited. After maximal induction of the
hydroxylase activity by phenobarbital or benz[a |-
anthracene. addition of cycloheximide plus  the
aminonucleoside did not impede the normal rate of
hydroxylase decay (data not illustrated). This result
differs from that when benz[aJanthracene. phenobar-
bital or norepinephrine combined with cycloheximide
is added to cells containing fully induced hydroxylasc
activity [3.4]. The third frame of Fig. 7 shows that
the induction process by 20 mM  puromycin
aminonucleoside is not sensitive to actinomycin-D
but is readily sensitive to cycloheximide: this suggests
the dependence on newly synthesized protein but not
dependence on newly synthesized RNA. in order for
the hydroxylase induction by puromycin aminonuc-
lcoside to occur. Puromycin aminonucleoside is the
first compound we have encountered that has the
capacity to ‘induce’ the hydroxylase activity in cul-
tured cells when actinomycin-D is added simultanc-
ously with the “inducer”. The simultancous exposure
of cells to a combination of 20 mM aminonucleoside
plus cycloheximide results in no enzyme induction.
This result is consistent with all data from previous
studies: that the hydroxylase induction process can-
not proceed any time that more than 95 per cent
of the total gross protein synthesis is inhibited.

The fact that actinomycin-ID alone causes o tran-
sient induction of hvdroxylase activity (Fig. 7. fourth
frame) indicates to us that actinomycin-D, like puro-
mycin aminonucleoside, “induces’ the enzvme activity
by some mechanism occurring in the nearly total
absence of gross RNA synthesis. Cycloheximide alone
does not cause the hydroxylase activity to rise. These
data represent the first time arvl hydrocarbon hvdroxy-
lase activity has been shown to accumulate pre-
sumably without first an accumulation of putative
hydroxylase-specific RNA. The hvdroxylase induction
occurs when fetal rat hepatocytes [ 3] or fetal hamster
secondary cultures [ 36, 37] are cxposed to inducer
plus cycloheximide, followed by replacement of the
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Fig. 8. Effects of low or high concentrations of puromycin
aminonucleoside (AN). alone or combined with 13 ¢M benz-
[aJanthracene (BA). on the hyvdroxylase induction in fetal
rat primary hepatocyte cultures. The effects of similar con-
centrations of ammonucleoside on gross RNA synthesis
{i.e. [Y*Cluridine incorporation} and gross protein syn-
thesis (i.c. [*H]phenylalamine incorporation) are shown at
right.

inducer and cycloheximide with actinomycin-D. Also
the hydroxylase induction occurs when rat liver-
derived cells [38] are transiently exposed to cyclo-
heximide, followed by replacement of the cyclohexi-
mide with actinomycin-D. However. these experi-
ments differ from those illustrated in Fig. 7 in that
mn the latter case we gave the Hepa-1 cells no prior
treatment during which an accumulation of putative
mRNA might occur.

Hepa-1 is derived from a neoplasm. Does puromy-
cin aminonucleoside also exert this dual effect on nor-
mal, nonmalignant cells in culture? Figure 8 shows
that low and high concentrations of the aminonucleo-
side both inhibit the hydroxylase induction by benz-
[alanthracene in fetal rat cultured primary hepato-
¢ytes. The concentration of aminonucleoside at which
hydroxylase induction by benz[a]anthracene is only
slightly affected (i.e. 10 M) is the same in Hepa-1
cells (Fig. 6) and in these normal liver cultures (Fig.
8). The aminonucleoside alone also does not induce
the hydroxylase activity. Hence, the apparent induc-
tion of enzyme activity by high concentrations of
puromycin aminonucleoside in the Hepa-l cell line
is different from the result in nonmalignant cell
cultures derived from normal rat liver.

DISCUSSION

In this report we have characterized, in cell lines
derived from two rat hepatomas and one mouse hepa-
toma. the optimal conditions for hydroxylase induc-
tion: the medium and serum requirements and the
inducing concentrations of a variety of hydrophobic
inducers. The additive effects of phenobarbital plus a
polycyelic hydrocarbon on hydroxylase induction in
Hepa-1 and H-4-11-E cell lines observed in this study
arc similar to the additive effects of these different
types of inducers previously shown in fetal rat liver
primary cultures [1,2] and in the intact animal [5].
These observations indicate that these two established
cell lines. as model systems for studying aryl hydro-
carbon hyroxylase induction, are not phenotypically
different from normal fetal hepatocytes—in their
capacity to respond via two different mechanisms to
these two different types of inducers. With a biogenic
amine (i.e. isoproterenol. epinephrine or tryptamine)

we could not demonstrate reproducibly that this third
‘class’ of inducer in these established cell lines could
cause additive effects with phenobarbital and/or a
polycyclic hydrocarbon, as had been shown [4] in
normal cultured fetal rat hepatocytes. In some experi-
ments, however, it was clear that the biogenic amine
being studied at certain concentrations did give addi-
tive effects with phenobarbital or benz[a]anthracene:
thus, thesc established cell lines must have some
potential to express the hydroxylase induction by an
apparent third mechanism of enzyme induction.
Extensive experimentation with different and varying
concentrations of biogenic amines showed that these
compounds at optimally inducing concentrations
sometimes caused slight adverse morphological
cffects. Therefore, we believe that the ditficulty in
reproducibly demonstrating additive effects with any
combination which included a biogenic aminc may
reflect subtle toxic effects not evident by light micro-
scopy.

Distinet differences in the response of the benz-
[aJanthraccne-, phenobarbital-  or  isoproterenol-
mediated induction process to such metabolic nhibi-
tors as cordycepin, ethidium bromide and puromycin
aminonucleoside further suggest that the mechanisms
for these three types of induction processes are indeed
different. One possibility to consider is that the con-
trol, benz[ aJanthracene-, phenobarbital- or isoproter-
enol-treated hepatoma cultures may vary with respect
to the metabolism of one or more of the mctubolic
inhibitors used in this study. Figure 9 shows chemical
structures of the compounds to which the cell cultures
were exposed. The structures clearly offer possibilities
for common drug-metabolizing rcactions such as ring
hydroxylation, hydrolysis. amine oxidation, N-dealky-
lation and glucuronidation. This possibility of meta-
bolism may help explain, for example. the unusual
effects of ethidium bromide on the hydroxylase induc-
tion by the three types of inducers (Fig. 5).

Puromycin aminonucleoside does inhibit certain
small molecular weight nonhistone nuclear proteins
[39] in normal human WI-38 fibroblasts but does
not inhibit this class of proteins in SV ,-transformed
WI-38 cells. In normal fetal rat cultured hepatocytes
(Fig. 8). low or very high concentrations of puromycin
aminonucleoside (ranging between 10 yM and 50
mM) both inhibited completely the hydroxylase in-
duction by benz[a]anthracenc. This difference
between effects of the nucleoside seen i normal liver
cells and in the ncoplastic Hepa-1 cell line (Fig. 6)
is i some ways similar to the diflerence seen by
Cholon and Studzinski [22] and suggests that
hydroxylase-specific mRNA synthesis, processing or
stabilization is very different betwecen Hepa-1 and
normal fetal rat liver primary cultures.

At 50 mM concentrations, puromycin  amino-
nucleoside 1s as effective as benz[a]anthracene in
inducing the hydroxylase activity (Fig. 7. left frame).
The large differences in the response of hydroxylase
induction— seen when one varies the puromycin
aminonucleoside concentration over a | M 5 mM
range- -suggest to us at least two distinct effects of
the aminonucleoside: (1) one effect secondary to inhi-
bition of the synthesis of rRNA and;or the poly(A)
segment of mRNA by low (I-100 ¢M aminonucleo-
side) concentrations, and (2) the other effect in the
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nearly total absence of gross RNA synthesis by high
(05 to 5 mM aminonucleoside) concentrations.
Hydroxylase induction by 50 mM puromycin
aminonucleoside occurs more rapidly than that by
benz[a]anthracene- -although gross RNA synthesis is
inhibited more than 99 per cent and gross protein
synthesis is inhibited 55 85 per cent during the last
18 hr of the 24-hr experiment (Fig. 7). Therc are
several possible explanations for this ‘induction’ pro-
cess to oceur under such adverse metabolic condi-
tions. Hepa-1 cells possess at least five times more
basal hydroxylase activity than any other cells we
have examined in culture; this fact supports our feel-
ing that Hepa-1 cells have an unusually large pool
of putative hydroxylase-specific  RNA  which s
responsible for synthesis of the high basal enzyme
activity.  High  concentrations  of  puromycin
aminonucleoside or actinomycin-D may stabilize in
some manner the existing mRNA for hydroxylase
activity and allow more frequent translation of these
templates to the exclusion of other mRNA's. Perhaps
other mRNA species—which are far more labile than
the hydroxylase mRNA species-—are no longer com-
peting for polysomes in the translational process and
thus the rate of hydroxylase accumulation is stimu-
lated by the relatively more frequent translation of
the more stable hydroxylase-specific mRNA. Such a
possibility may also explain the finding [40] that the
rate ol hydroxylase induction by aromatic hydro-
carbons in various cell cultures is stimulated in the
presence of interferon. Another possibility is that the
lurge depression in gross protein synthesis results in
an enlarged tRNA pool such that a crucial tRNA,
which is usually rate limiting when all mRNA
molecules arc translated. is now available in much

higher amounts. Certain steroid hormones in mam-
malian systems [41, 42] stimulate the synthesis of spe-
cific isoaccepting tRNA molecules simultancously
with the induction of hormonally induced proteins:
these data suggest that a specific species of tRNA
may be rate limiting in some control mechanism regu-
lating protein induction. Although the hypothesis that
certain tRNA levels may be rate limiting for enzyme
induction has not been firmly established. it has been
shown [43,44] with cell-free  protein-synthesizing
systems in vitro that the concentration of specific
tRNA can regulate the rate of mRNA translation.
Thus. it is possible that rate limiting amounts of speci-
fic tRNA's regulate protein synthesis at the trans-
lational level by slowing polypeptide chain clongation
or affecting initiation.

The hydroxylase induction by high concentrations
of puromycin aminonucleoside or actinomycin-D
may also result from a concerted action of trans-
lational initiation factors plus the diminishing mRNA
pool. Induction of aryl hydrocarbon hvdroxylase
activity in rat liver by polycyclic hydrocarbons 15
associated with the stimulation of two translational
inittation factors [45]: thus. an increase in synthesis,
or decrease in degradation. of some initiation
factor(s)- -combined with a higher ratio of hydroxylase
mRNA molecules to the totul mRNA pool  might
cause marked rises in hydroxylase activity under quite
adverse metabolic conditions. Further studies to
clucidate the mechanism of hydroxylase induction in
liver-derived cultures treated with high doses of puro-
mycin aminonucleoside or actinomycin-D may be
important in understanding the mechanisms of such
processes as drug hepatotoxicity and chemical or viral
CArCINOgEenesis.,
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